The spin dynamics of thin film Permalloy individual rings in the circulating state is studied in the presence of an in-plane bias field and in response to a transient field applied perpendicular to the ring plane. Only one dominant precessional mode is observed in the remanence state, which corresponds to an angularly uniform excitation. In contrast, when an external bias field is applied, multiple precessional modes are observed, with the number of modes increasing as the field increases. The static magnetic field distorts the circular symmetry of the initial magnetization state. As a result, the precessional torque produced by the pulsed field is inhomogeneous, which promotes the excitation of higher order azimuthal modes.
I. INTRODUCTION
A common feature of microscopic magnetic structures is that the effective internal magnetic field is usually inhomogeneous, resulting in a rich spectrum of localized and standing wave magnetic normal modes of oscillation.
1-3 For magnetization in uniform circulating configurations, [4] [5] [6] [7] as found in disks and rings, a set of azimuthal quantized spin wave modes is expected and has been discussed theoretically. [8] [9] [10] The study of these modes has been made timely by the present push toward picosecond-scale operation for magnetoelectronic technologies. Experimentally, these modes have been barely observable by time-resolved Kerr microscopy with excitation by a transient magnetic field. [11] [12] [13] This is because the subset of detectable modes is selected by how the excitation pulse couples to the magnetization. 13, 14 The transient field applied to submicrometer-sized structures ordinarily is spatially quite uniform, and the azimuthal modes corresponding to nonzero integer multiple of 2 phase changes around the ring and disk are hardly excited. The same argument applies if the probe spot overlaps the entire ring, effectively suppressing any contribution of such modes to the optical signal.
In this paper, we induce asymmetry in the ring structure magnetization through the application of a static in-plane magnetic field. The torque from a transient out-of-plane field excitation is then angularly asymmetric, and the azimuthal modes will be excited. The experiments are performed using ultrafast magnetooptic microscopy in the spectroscopic mode. [11] [12] [13] Due to the asymmetry of magnetization in the ring, the spatial average of each mode gives rise to nonzero signal even though an entire individual ring is probed. In comparison with experiments done by conventional ferromagnetic resonance 15 and by broadband ferromagnetic resonance using a microwave network analyzer, 16 the optical measurement allows individual rings to be investigated. Information which is hidden in the averaged measurements of an ensemble can then be revealed.
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II. EXPERIMENTAL TECHNIQUE
The sample used for the experiment is an array of 25 nm thick Permalloy rings with outer/inner diameters of 1 m / 0.64 m and center-to-center spacing of 2 m, patterned on silicon substrates. Figure 1͑a͒ shows a scanning electron micrograph of part of the ring array, and Fig. 1͑b͒ shows the static hysteresis loop obtained by longitudinal magneto-optic Kerr effect of the ring array. The hysteresis loop shows that the switching field of the rings from the circulating state to the onion state is 44.5 kA/ m.
A coplanar transmission line patterned on a glass substrate with a wire spacing of 20 m is used to deliver the transient magnetic field. A flip-chip geometry is employed to mate the magnetic specimen to the transmission line. 18 Details of the experimental technique can be found in previous publications. 13, 17 The initial magnetization of the rings is in the circulating state, after an ac demagnetization is performed. During the experiment, a transient magnetic field with a few picosecond rise time, a few hundreds of picosecond decay, and a peak field strength of approximately a few hundreds of A/m, schematically shown in the dashed line in 
III. RESULTS AND DISCUSSION
Figures 1͑c͒, 1͑e͒, and 1͑g͒ show the time-domain signals of an individual ring located in the middle of the pair of transmission lines ͑for perpendicular transient field excitation͒ for external bias field values of 0, 6 and 16 kA/ m, respectively. To the right of each time-domain trace is its corresponding Fourier transformation. At remanence there is only one peak, around 10 GHz. As the external bias field increases, multiple resonance frequencies appear below the dominant mode, which shifts gradually above 10 GHz. As can be seen from plots for 16 kA/ m, the spectrum amplitude of the satellite resonance peaks decreases monotonically with decreasing frequency. The dispersion of the resonance frequencies as a function of applied magnetic field is plotted in Fig. 2 . The results are different from the results presented by Giesen et al. 16 In their experiment, several hundreds of rings were probed, and the resonance frequency broadening due to individual ring difference might be the reason that satellite resonances peaks were not found. Figure 2 also indicates the mode frequencies as identified from micromagnetic simulation, discussed below.
The magnetization dynamics of a small ferromagnetic ring are very similar to those of a disk-shaped magnetic vortex structure, minus the particular effects of the vortex core itself. Standing spin wave mode can be formed with nodes in both the radial and azimuthal directions. Some quantized modes for the azimuthal direction in vortex structures have been previously observed experimentally by ultrafast Kerr microscopy. 12 Interaction with the vortex core gives rise to circular polarization for these modes in the disk. [12] [13] [14] In the ring structure, without a vortex core, the normal modes are standing waves. In the absence of bias field the uniform mode of the ring has been observed in our previous experiments. 17 Starting from an initial circulating state, when static bias fields are applied below the annihilation field of the circulating state ͑44.5 kA/ m for thi s case͒, the magnetization in the ring is distorted and no longer circularly symmetric. However, the fundamental resonance mode retains a nearly uniform phase as a function of position. The higher modes correspond to the number of complete cycles the precessional phase undergoes in a complete transit around the ring. As the magnetization becomes more distorted at the larger bias fields, the higher modes become more strongly coupled to both the excitation and detection in our experiment. At the 16 kA/ m bias field, still far below the annihilation field, four modes are clearly observed.
To confirm our interpretation, we performed micromagnetic simulations 19 for the same size of ring structure in the circulating state, using a smaller damping parameter ͑␣ = 0.003͒ and longer time interval ͑6 ns͒ to assist in the determination of oscillation frequencies. Figure 3 shows the averaging time-domain magnetization of an individual ring through simulation and their corresponding Fourier transformation. The simulation results are consistent with the experimental data. At remanence a single resonance is found, with more modes arising in consequence of the increase of the bias field.
The simulations also further elucidate how the coupling of the modes to the broadband ferromagnetic resonance spectrometry evolves with bias field in the experiment. Figure 4 shows the phase maps of the four lowest modes at the bias field of 16 kA/ m. These modes are indeed angular standing wave modes without circular symmetry, having lost symmetry along the bias field direction. For the highest frequency mode ͑10.5 GHz͒, the precessional phase is nearly angularly uniform. The 9.8, 9.1, and 8.65 GHz ͓͑b͒-͑d͔͒ frequencies clearly correspond to the azimuthal mode numbers m =1, 2, and 3, respectively. The frequency dependence of these modes is consistent with the experimental data, as shown open dots in Fig. 2 . The bias field dependence is also consistent with the calculated value based on a hybrid micromagnetic method, as shown in the line in Fig. 2 . 3, 20 In this method, a dynamical matrix approach is used to determine the frequency and the dynamical magnetization of all the normal modes. We find that the zero order resonance frequency increases monotonically with the external bias field. This is because in a circulating state the internal magnetic field increases with the bias field for m = 0. For m Ͼ 0, this dependence is more complicated, as the dynamical magnetostatic contribution is dominant at small bias field.
For the ring in the circulating state with no static bias field applied, higher order azimuthal mode is hardly excited, in addition, the Kerr signal for nonzero integer multiple of 2 phase changes is zero for the probe spot overlapping an entire ring. This is the reason that only one resonance mode is observed at remanent state. When a bias field is applied, higher order azimuthal modes are excited. In addition, the static field distorts the azimuthal modes such that a nonzero spatial average occurs. In the experiment, even though the probe beam probes an entire ring, the higher order azimuthal modes are still detected. The mode frequency versus the mode number appears to have a negative dispersion, that is, increasing the mode number lowers the resonance frequency. Similar behavior has been observed and explained for disk structures. 21 The mode stiffness is determined both by the exchange interaction and the dynamic dipolar interaction. At small mode number in micrometer-scale structures, the dipolar contribution dominates and has a negative dispersion. With increasing mode number, the exchange contribution eventually dominates, and the mode frequency acquires a positive dispersion ͑the behavior is therefore nonmonotonic͒. 10 In the present experiment, only the first few modes are observed.
In summary, broadband time-resolved magneto-optical Kerr effect experiments have been performed to study the azimuthal magnetic normal modes of ferromagnetic rings through the application of modest in-plane bias fields. The distortion of the circulating magnetization state facilitates the coupling to these modes.
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